Cyanide-resistant respiration has been reported in a variety of organisms, including higher plants, algae, fungi, some bacteria, and Trypanosoma brucei brucei} '2) This cyanideresistant O2 uptake constitutes a pathway alternative to the main cyanide-sensitive cytochrome pathway. Although the alternative pathway has been extensively studied for a long shown that methionine and cysteine increased the expression of cyanide-resistant respiration activity when included in the growth media.14) Giving attention to this result, we have found the induction of cyanide-resistant respiration in the presence of certain sulfur-containing compounds, including methionine and cysteine, all of which are not respiratory inhibitors.
The induction presented here is clearly different from those we reported previously.7~9) Characterizing the induction by sulfur compounds, we will discuss the possible involvement of certain active oxygen species in the initial step of the induction process, which might be a new approach to the induction mechanism operating in the mitochondria.
* This research was supported in part by Grants-in-Aid from Japan Foundation for Applied Enzymologyand the Ministry of Education, Science and Culture of Japan.
Abbreviations : GSH, reduced glutathione; GSSG, oxidized glutathione; BHA, 3(2)-/-butyl-4-hydroxyanisole. SDSslab gel electrophoresis. SDS-PAGEand measure ment of apparent molecular mass were carried out a; described.
10)
Results Table I shows the induction of cyanide resistant respiration by various sulfur-contain To ten ml of cell suspension as described in Table I with or without 0.1 m glucose was added 1mMGSHor 0.5him GSSG as indicated, and the mixture was treated as described in Table I induction proceeded appreciably more slowly.
It is to be noted that the cyanide-sensitive respiration activity was constant through the induction process in this case. Then the effects of GSHand GSSGwere compared both in the presence and absence of glucose (Fig. 2) . Both GSH and GSSG showed no effect on the induction in the absence of glucose, but had the inducing effect only in the presence of glucose. No difference was observed between the effects of GSH and GSSG, suggesting that GSHis effective, since GSSGis readily reduced to GSHby the action of glutathione reductase detected in the crude cell extract and thus the reduced form is overwhelmingly predominant in amount.16) From these results, the induction by sulfur compounds presented here is concluded to be different from the two kinds of induction we observed previously in the absence9) and presence7'8) of respiratory inhibitors. This induction is not repressed by glucose, and proceeds in the absence of the blockade of the normal cytochrome pathway. Therefore, the inducing conditions of cyanide-resistant respiration in H. anomala can be classified into three kinds, that is, 1) in the absence of glucose, 2) in the presence of respiratory inhibitors, such Fraction from the Cells Incubated with GSSG. Fifty ml of cell suspension (52.4mg wet cell/ml) in 45mM potassium phosphate buffer (pH 6.5) containing 0.1 m glucose in the absence or presence of 1mMGSSGwas shaken under air at 30°C for 3 hr and 20 fiM cycloheximide was added to stop further induction. A sample was withdrawn to measure the cyanide-resistant respiration activity (no addition, 0.8 nmol O2/min/mg; + 1 mM GSSG, 10.2 nmol O2/min/mg). The cells collected by centrifugation were used for the preparation of a mitochondrial fraction as described in the text. Each 40fig protein was subjected to SDS-PAGE (11% gel) and stained with Coomassie Brilliant Blue R-250. Lane 1, no addition; lane 2, +1mMGSSG. as antimycin A or cyanide, 3) in the presence of the sulfur-containing compoundspresented here. Figure 3 demonstrates the GSSG-dependent appearance of the 36-kDa protein in mitochondria, which is deduced to be responsible for cyanide-resistant respiration. 10"12) In the presence of antimycin A, a 39-kDa precursor is de novo synthesized in the cytosol and then imported into mitochondria to be processed to the 36-kDa mature form.12) As can be seen, the 36-kDa protein appeared in the mitochondria, where GSSG-dependent induction of cyanide-resistant respiration occurred as shown in the figure legend, suggesting that also Table II . The Effects of Flavone on the Induction of Cyanide-resistant Respiration Ten ml of cell suspension as described in Table I with or without the additions as indicated was treated as described in Table I Ten ml of cell suspension containing 0.1 m glucose and 0.5mMGSSGwith or without the additions as indicated was treated as described in Table I . x, no addition; å . GSSG(and hence GSH) has commoneffects to initiate the de novo biosynthesis of the 36-kDa protein. Figure 4 shows the effects of several scavengers of active oxygen species on the GSSG-dependent induction of cyanide-resistant respiration. All of them (at 0.1 mMor 0.05 mM;each final concentration in the activity assay system) had little inhibiory effects on both cyanide-sensitive and -resistant respiration L-Tryptophan and L-histidine showed inhibitory effects for 1 hr and then lost the effect, indicating the decrease in amount by cellular metabolism. Also uric acid lost the inhibitory effect after 2 hr. BHAand flavone were potent inhibitors of this induction. The effects of flavone under the various inducing conditions were examined. As shown in Table II , flavone inhibited the induction under all the inducing conditions were tried. Whenthe mitochondrial proteins were analyzed by SDS-PAGEslab gel electrophoresis, both BHA and flavone inhibited the appearance of the 36-kDa protein.
However, both reagents caused additional changes in mitochondrial proteins (data not shown). Interestingly, sodium azide, knownto be a scavenger of singlet oxygen,17) also had an inhibitory effect on the antimycin Adependent induction (data not shown), though azide itself had a slight inducing effect due to the inhibition of cytochrome oxidase.8)
Discussion
Previously we reported that the inclusion of sulfur-containing amino acids in the growth media increased the expression of cyanideresistant respiration.14)
The induction in the presence of various sulfur compoundstogether with glucose was found anew. From the results shown in Table I and Fig. 2 , L-methionine, L-2-oxothiazolidine-4-carboxylate, and GSSG are thought to act after the metabolic conversion to SH-compounds. Many more SH-compounds might be expected to have inducing effects.
The induction by sulfur compounds presented here is characteristic in two points. The first: these compounds have no inhibitory effect on the normal cytochrome pathway, clearly different from the induction in the presence of respiratory inhibitors such as antimycin A and cyanide. The second: the induction is observed only in the presence of glucose, obviously different from the induction in the absence of both respiratory inhibitors and glucose reported previously.9)
As shown in Fig. 3 , GSSG-dependent appearance of the 36-kDa protein in mitochondria was also confirmed, indicating that the 36-kDa protein has an essential role in cyanide-resistant respiration activity.
Accordingly, a common mechanism to initiate the de novo biosynthesis of the 36-kDa protein is deduced to operate under the inducing conditions. At present, nothing is known about the initial step of the induction which is thought to occur in mitochondria. We have already demonstrated that oxygen is essential for the induction process.7) Antimycin A-dependent generation of superoxide anion in mitochondria is well-known18'19) and was detected by a chemiluminescence method using 2-methyl-6-(/?-methoxyphenyl) -3,7-dihydroimidaso[l ,2- tf]pyrazin-3-one in our mitochondria preparation from H. anomala. 
